We present the properties of active galactic nuclei (AGN) selected by optical variability in the Subaru/XMM-Newton Deep Field (SXDF). Based on the locations of variable components and light curves, 211 optically variable AGN were reliably selected. We made three AGN samples; X-ray detected optically non-variable AGN (XA), X-ray detected optically variable AGN (XVA), and X-ray undetected optically variable AGN (VA). In the VA sample, we found a bimodal distribution of the ratio between the variable component flux and the host flux. One of these two components in the distribution, a class of AGN with a faint variable component i ′ vari ∼ 25 mag in bright host galaxies i ′ ∼ 21 mag, is not seen in the XVA sample. These AGN are expected to have low Eddington ratios if we naively consider a correlation between bulge luminosity and black hole mass. These galaxies have photometric redshifts z photo ∼ 0.5 and we infer that they are low-luminosity AGN with radiatively inefficient accretion flows (RIAFs). The properties of the XVA and VA objects and the differences from those of the XA objects can be explained within the unified scheme for AGN. Optical variability selection for AGN is an independent method and could provide a complementary AGN sample which even deep X-ray surveys have not found.
INTRODUCTION
Recent deep X-ray surveys have found many lowluminosity and obscured active galactic nuclei (AGN) and revealed luminosity-dependent cosmological evolution of AGN (Ueda et al. 2003; Barger et al. 2005) . The obscured fractions of AGN increase with decreasing Xray luminosity (Ueda et al. 2003; La Franca et al. 2005; Akylas et al. 2006) . On the other hand, at optical wavelengths, many AGN surveys have been carried out by taking advantage of the blue optical colors of AGN, which are a common characteristic of unobscured (or type-1) AGN. However, the blue colors are difficult to recognize for AGN with dust obscuration and host galaxy contamination. Optical variability has been observed in almost all luminous AGN, i.e. quasars, on time scales of months to years (Hook et al. 1994; Giveon et al. 1999; de Vries et al. 2003; Vanden Berk et al. 2004; de Vries et al. 2005; Sesar et al. 2006) . AGN selection by optical variability is less affected by host galaxy contamination than selection by blue optical color if the variable components can be extracted. Several SDSS results have showed that the optical variability of less luminous AGN is larger and this illustrates the usefulness of optical variability as a tracer of low-luminosity AGN. Variability studies using the Hubble Space Telescope (HST) actually found several tens of galaxies with variable nuclei down to V, I, i ′ ∼ 27 − 28 mag (Sarajedini et al. 2000 (Sarajedini et al. , 2003 (Sarajedini et al. , 2006 Cohen et al. 2006) . Although deep X-ray observations have been carried out with the Chandra and XMMNewton satellites in the HST survey fields, there is a significant fraction (> 70%) of optically variable AGN without X-ray detection (Sarajedini et al. 2006; Cohen et al. 2006) . These authors showed that most of these X-ray non-detections can be explained in terms of small X-rayto-optical flux ratios of the nuclear components. The number densities of variable AGN in their samples are comparable to those of X-ray detected AGN and these facts indicate that selection by optical variability is a powerful tool to find faint AGN populations which current deep X-ray observations may not be able to trace.
There are also important results indicating the usefulness of optical variability as a tracer for AGN, especially for low-luminosity AGN. Radiatively inefficient accretion flows (RIAFs; Quataert 2001) are considered to have an accretion rateṁ(≡Ṁ /Ṁ Edd ) below a critical value in contrast with the standard disk model for luminous AGN. The spectral energy distributions of some nearby low-luminosity AGN have been explained in terms of RIAFs (Chiaberge et al. 2006; Nemmen et al. 2006 ). Totani et al. (2005) serendipitously found lowluminosity AGN in apparently normal bright galaxies at z ∼ 0.3 by optical variability in their cluster-cluster microlensing search using the images separated by several days and one month. This rapid and large fractional (∼ 100%) variability could be of blazar origin, but their emission line spectra and number densities support the RIAF interpretations. The low luminosities are also consistent with RIAFs. Their result indicated that the flareups of Sgr A * are not special phenomena and may be common in low-luminosity AGN in the distant universe. Multi-epoch ultraviolet images with HST revealed that most of the nearby low-ionization nuclear emission-line region (LINER) nuclei show significant variability with peak-to-peak amplitudes ranging from a few percent to 50% (Maoz et al. 2005) . On the other hand, Maoz (2007) found that the properties of the SEDs of these LINERs and luminous AGN show continuous distributions, suggesting that thin accretion disks may persist to low luminosity.
The optical continuum of AGN mainly comes from an accretion disk. The main origin of optical variability is still under debate; disk instability (Rees 1984; Kawaguchi et al. 1998 ), bursts of supernova explosions (Terlevich et al. 1992) , or microlensing (Hawkins & Veron 1993) . However, if we assume that the optical variability of AGN also originates from an accretion disk, type-1 AGN should tend to show larger optical variability than type-2 AGN because we can directly see the accretion disk without it being obscured by a surrounding dust torus.
In this paper, we investigate the X-ray, optical, and optical variability properties of faint variable AGN in the Subaru/XMM-Newton Deep Field (SXDF). The data was obtained by the Subaru/XMM-Newton Deep Survey (SXDS) project (Sekiguchi et al. 2004 . Morokuma et al. (2007, Paper V) succeeded in constructing a statistical variable object sample and a wellclassified AGN sample. We describe the AGN sample selections in §2 and show the properties of opticalvariability-selected AGN in §3 and §4. We summarize our results in §5. In this paper, we use cosmological parameters of Ω M = 0.3, Ω Λ = 0.7, and Hubble constant H 0 = 70 km sec −1 Mpc −1 . The AB magnitude system is used for optical photometry. We define i ′ vari as the i ′ -band magnitude amplitude (minimum to maximum) of the variable components and i ′ as the i ′ -band total magnitude.
AGN SAMPLE
In this section, we describe our AGN sample selection.
Our survey field, the SXDF, is a multiwavelength project covering ∼ 1.2 deg 2 . We use deep optical imaging data (Furusawa et al. 2007, Paper II; Morokuma et al. 2007 , Paper V) taken with SuprimeCam (Miyazaki et al. 2002) on the 8.2-m Subaru telescope for the optical variability investigation. X-ray imaging data with XMM-Newton satellite is also used for the AGN selection.
2.1. Optical Variability-Selected AGN Sample Our AGN sample selected by optical variability is based on the variable object sample constructed by Morokuma et al. (2007, Paper V Morokuma et al. (2007, Paper V) . The baselines of the light curves were not long or dense enough to discriminate AGN from SNe completely. There are many variable objects which have SN-like light curves and show variability lying at the centers of the host objects. These variable objects can be either SNe or AGN, and we do not include such objects in our variable AGN sample. Hence, we use a variability-selected AGN sample consisting of 211 variable AGN in the region which overlaps the X-ray imaging field. We note that the number of case 2 objects (228) in Morokuma et al. (2007, Paper V) is slightly different from the number of variable AGN used in this paper because we focus on objects only within the X-ray imaging field.
X-ray-Selected AGN Sample
In the SXDF, deep X-ray imaging observations were carried out with European Photon Imaging Camera (EPIC) on board XMM-Newton satellite. One deep (∼ 100 ks) pointing and six shallower (∼ 50 ks) pointings covered almost the entire Suprime-Cam field of the SXDF (Ueda et al. 2007, Paper III; Akiyama et al. 2007) . The detection limit is 1×10
−15 erg −1 cm −2 s −1 in the 0.5-2.0 keV band and 3×10 −15 erg −1 cm −2 s −1 in the 2.0-10.0 keV band, respectively. The X-ray sources which we use in this paper have detection likelihood higher than nine in either energy band. The X-ray flux is calculated assuming a power-law X-ray spectrum with photon index Γ = 1.5. In order to compare the properties of the X-ray selected AGN with those of the optical-variabilityselected AGN, we use 327 X-ray sources in the variability survey region where we selected 211 optically variable AGN in §2.1.
AGN Sample Classification
We classify these two, optical-variability-selected and X-ray-selected, AGN samples into three categories; 1) Xray detected, optically non-variable AGN (238 objects, hereafter "XA"), 2) X-ray detected, optically variable AGN (89 objects, hereafter "XVA"), 3) X-ray undetected, optically variable AGN (122 objects, hereafter "VA"). Matching between the optically variable AGN and the X-ray detected AGN was done on the basis of the optical and X-ray positions, and the X-ray positional errors. We first assigned the nearest optical objects within 5σ of the X-ray positional errors from the X-ray centroids as the potential optical counterparts of the X-ray detected AGN. Then, we defined objects as "XVA" if the host objects of the optically variable objects are identical to the optical counterparts of the X-ray AGN.
Spectroscopic redshifts were determined for 36, 35, and 9 objects in the XA, XVA, and VA samples. Our spectroscopic observations were biased to X-ray detected objects and the number of VA objects with redshift determinations is small.
For these three AGN samples, we calculated various statistical parameters such as the average, median, standard deviations, and the Kolmogorov-Smirnov (K-S) test probabilities between the samples. These values are summarized in Table 1 and Table 2 . Some of these values will be discussed in §4.
Variability Detection Completeness
The detection efficiency of optical variability depends on not only the depth of the imaging data but also on observation time sampling. Variability detection itself depends on the depths of the images. All the SuprimeCam images used in this paper have similar depths (i ′ ∼ 25.5 − 26.8 mag) and we can detect object variability down to component amplitudes of i In the top panels of Figure 1 , we show the X-ray flux versus i ′ -band magnitude distributions for the XA and XVA objects. The fractions of X-ray sources showing optical variability are shown in the bottom panels of Figure  1 and Figure 2 as a function of i ′ -band magnitude. These figures indicate that the variability detection efficiency for X-ray sources decreases down to zero at i ′ = 24 − 25 mag and it is difficult to detect optical variability of Xray sources with high X-ray-to-optical flux ratios. Figure  1 is further discussed in §4.
In Figure 1 , we also plot the X-ray detected optically non-variable AGN (25 objects) and the X-ray detected optically variable AGN (4 objects) from one of similar studies (Sarajedini et al. 2006 ) for a comparison (these correspond to the XA and XVA objects in this paper). We plotted I C -band magnitudes, which was available from Vogt et al. (2005) , for the sample of Sarajedini et al. (2006) . The difference of the bandpasses between i ′ -band and I C -band is not large and we do not apply any band transformations. The observational properties of the objects plotted in this figure are derived from their Tables 6 and 7. The X-ray flux in each band is calculated using the full-band (0.5-10 keV) X-ray flux and hardness ratio (calculated as f 2.0−10.0keV /f 0.5−2.0keV ) in their Table 6 . The significance threshold for optical variability is set 3.2σ, which is the same value as Sarajedini et al. (2006) adopted. The differences in the distributions between our sample and their HST sample can be due to the differences of the depths of the observations. (Sarajedini et al. 2006) are also plotted in dark gray stars and open stars, respectively. I C -band magnitudes from Vogt et al. (2005) are used for these objects, but we do not apply any band transformations. The fraction of X-ray sources whose optical variability is detected are also shown in gray scale in the lower panels. We note that zero fractions and regions where we have no X-ray sources are shown in light gray (not blank) and blank, respectively. The seven dashed lines represent constant X-ray-to-optical flux ratios of log(f X /f i ′ ) = +3, +2, +1, 0, −1, −2, −3 from top to bottom. 
PROPERTIES OF AGN WITHOUT X-RAY DETECTIONS
We first focus on the properties of the VA objects, which are defined as variable AGN without X-ray detections, and compare with those of the XA and XVA objects.
The distributions of the variable component magnitude i ′ vari versus i ′ -band magnitude of the host objects for the XVA and VA objects are shown in Figure 3 . Significant differences between the XVA and VA objects are seen. In the right panel of Figure 3 , there are objects which have a faint variable component (i ′ vari ∼ 25 mag) in bright galaxies (i ′ ∼ 21 mag), while there are only a few such objects seen in the distribution for the XVA objects. In addition, histograms of the ratios between variable component flux f i ′ ,vari and total flux f i ′ shown in Figure 4 marginally indicate a bimodal distribution suggesting that the VA objects may consist of two classes of AGN. The low K-S test probability (6.67e−09, Table 1 ) of the flux ratio distributions also indicates that these distributions are different. Accordingly we separate the VA sample into two classes by a dashed line, i Figure 3 ; HE-VA objects (73 objects, below the line) and LE-VA objects (49 objects, above the line). Assuming that AGN optical variability (differential) flux , not amplitude, is roughly proportional to optical luminosity of the AGN 12 , AGN with faint variable components are considered to be faint AGN. Given the correlation between supermassive black hole mass and bulge luminosity (Wandel 1999) , AGN with larger ratios between the variable component flux and total flux can be naively interpreted as AGN with higher Eddington ratios. Thus it is expected that LE-VA objects have low Eddington ratios while HE-VA objects have high Eddington ratios. The LE-VA sample produces the difference of the distributions between the XVA and VA objects in Figure  3 . This difference should not be due to any selection effects because the selection cuts are along horizontal and vertical directions in this figure. 12 AGN optical variability amplitude is larger for less luminous AGN (Vanden Berk et al. 2004 ), but AGN variability flux, which is defined as differential flux among observational epochs, is larger for more lumionus AGN because variability amplitude dependence on AGN luminosity is not large. The LE-VA objects are AGN with faint variable components in bright galaxies. These objects are similar to low-luminosity AGN in bright elliptical galaxies which were found using optical variability on time scales of several days to a month by Totani et al. (2005) . Totani et al. (2005) indicated that the rapid variability may be due to flare-ups in RIAFs rather than a blazar origin and noted the similarity to near-infrared flares of Sgr A * (Yuan et al. 2004 ). RIAF disks have low accretion rates and low Eddington ratios, and tend to show flare-ups on short time scales. We show four examples of Suprime-Cam images and light curves of these objects in Figure 5 . These objects are randomly selected from the LE-VA sample. Some light curves are likely to be those of flare-ups. If the LE-VA objects are really equivalent to AGN showing rapid variability as found by Totani et al. (2005) , their variation time scales are expected to be shorter than those of the HE-VA objects on average. However, it is difficult to investigate the time scales of variability quantitatively because of the sparse time sampling. We tried evaluating two kinds of variability time scales: as the minimum time interval over which objects show significant (> 5σ) variability, and as the interval between maxima and minima. There are no significant differences for either time scale between the LE-VA and HE-VA objects. It is not clear which objects show variability on shorter time scales. However, this does not reject the RIAF interpretation for LE-VA objects. Figure 6 shows the optical color-magnitude distributions for the LE-VA and HE-VA objects. The K-S test probabilities for these distributions and their averages are given in Table 3 and Table 4 , respectively. The LE-VA objects have significantly redder B − V colors than the HE-VA objects on average. In our sample, there are only a few objects which are selected as B-dropout objects. The intrinsically blue colors of AGN should remain blue in the observed B − V colors even when redshifted. The red colors of LE-VA can be explained by large contamination by red host galaxies and might indicate that most of them are early-type galaxies at relatively low redshift. When we calculate the photometric redshifts for these galaxies without considering any AGN light contribution, the optimal spectral templates and redshifts are early-type galaxies at z photo ∼ 0.5 for most of the LE-VA objects, also supporting a low luminosity for these AGN. The HE-VA objects also show a similar distribution to the XVA objects in Figure 3 . Figure 7 shows the redshift distributions for the XA, XVA, and VA objects. We have no spectroscopic identifications for the LE-VA objects and all the VA objects plotted in this figure belong to the HE-VA subsample. Most of the spectroscopically identified AGN in the XVA and VA samples are at high redshift (z > 1) and the HE-VA objects are expected to be similar objects to the XVA objects. We interpret the X-ray non-detections of the HE-VA objects as deriving from the intrinsically wide distributions of X-ray-tooptical flux ratios of AGN (e.g., Anderson et al. 2007) , as seen in Figure 1 . If we assume that the X-ray-to-optical flux ratio distributions of the optically variable AGN are independent of their brightness and the distributions for bright (i ′ ∼ 22 mag) XVA objects are the same as those for fainter XVA objects, there should be ∼ 20 VA objects just below the X-ray detection limit. The number of HE-VA objects is 73, much larger than this estimate. However, many VA objects are as bright as i ′ ∼ 21 − 22 mag and the X-ray-to-optical flux ratio distributions of our XVA sample may not represent the entire intrinsic distributions even in the bright magnitude range. There can be AGN with lower X-ray-to-optical flux ratios for which we can detect their optical variability but cannot detect their X-ray emission. Thus we infer that the VA sample consists of two classes: low-luminosity AGN at relatively low redshift (LE-VA) and luminous AGN at high redshift (HE-VA). Other similar studies of optical variability-selected AGN with HST found that significant fractions (∼ 70%) of variable AGN in their samples were not detected in deep X-ray imaging with the Chandra or XMM-Newton satellites (Sarajedini et al. 2006; Cohen et al. 2006) . Our results, as well as HST results, indicate that optical variability can trace AGN classes which are not detected in deep X-ray surveys.
ARE OPTICAL-VARIABILITY-SELECTED AGN TYPE-1?
As discussed in §1, it is natural to expect that objects showing optical variability are type-1 AGN because optical variability of AGN is considered to originate in their accretion disks.
We first compare the optical properties (magnitudes and colors) of the XA, XVA, and VA objects. Figure  8 shows the distributions of B − V and R − i colors, and i ′ -band magnitude. Figure 8 , as well as Figure 1 , clearly indicates that optical variability can be detected only for relatively brighter AGN (i ′ < 23.9 mag) amongst X-ray detected AGN because of our variability detection limit. The distributions of only the XA sample go down to fainter magnitudes. The K-S test probabilities indicates that significant color differences are seen for red (R − i ′ and i ′ − z ′ ) colors in the observed frame while distributions of B − V and V − R colors are not different. However, the redshift distribution of the XA objects is different from those of the XVA and VA objects (Figure 7 ) and the differences of observed colors should be affected by the redshift distribution differences. We now focus on the X-ray hardness ratio distributions. We define the hardness ratio, HR2, as the ratio of count rates in the 0.5-2.0 keV and 2.0-4.5 keV bands; HR2≡ (H − S)/(H + S) (H: count rate in the 2.0-4.5 keV band, S: count rate in the 0.5-2.0 keV band). By definition, HR2 can have values of −1 ≤ HR2 ≤ 1 and obscured, type-2, populations tend to have larger HR2 values because photons with higher energy can penetrate through the obscuring torus more efficiently. There may be a good correlation between AGN classification (type-1 or type-2) in X-rays and that deduced from optical spectroscopy (Ueda et al. 2003) . Barger et al. (2005) showed that broad-line AGN with emission line widths above 2000 km s −1 are soft X-ray sources, while AGN with emission lines below this width have a wide range of Xray colors. The correlation between optical obscuration and X-ray obscuration may be biased because classification using optical spectra requires good signal-to-noise ratios, but the hardness ratio can be a good parameter for evaluating optical obscuration. Figure 9 shows the HR2 versus X-ray flux distributions for the XA and XVA objects. The HR2 distributions are significantly different. The XA objects tend to have higher HR2 values while the HR2 values of the XVA objects concentrate around −0.6. This can be naturally understood by considering the unified scheme of AGN because unobscured populations, in which we can see the nuclei directly, should show larger optical variability.
The variability detection completeness also shows the differences of the selection effects between optical variability and X-ray detection. Figure 1 indicates that the XVA objects (black circles) tend to have higher X-ray flux than the XA objects (gray circles). When we limit XA objects to those with i ′ < 23.9 mag, which is the i ′ -band magnitude of the faintest XVA object, this tendency becomes weaker but still exists. High X-ray-tooptical flux ratios can be attributed to both optical faintness and large X-ray flux. Objects with extremely high X-ray-to-optical flux ratios are candidates for highly obscured luminous AGN, objects whose optical variability is more difficult to detect than unobscured AGN. The decline of the detection completeness for variability towards fainter magnitudes also contributes to this tendency, as well as the inclusion of obscured populations in the XA sample. The distributions of the hardness ratio HR2 and X-ray flux as a function of redshift shown in Figure 10 also indicate that the XVA objects have lower hardness ratios and higher soft X-ray fluxes on average at any redshift.
Lines of constant X-ray luminosity are shown in Figure  10 assuming that the X-ray spectrum is well represented by a power-law with photon index Γ = 1.5. Ueda et al. (2003) showed that the fraction of X-ray type-2 AGN decreases with X-ray luminosity; this was also indicated in later studies (La Franca et al. 2005; Akylas et al. 2006) . Ueda et al. (2003) also found a possible similar effect in that the fraction of optical type-2 AGN increases with deceasing of X-ray luminosity although spectroscopic observational biases can affect this tendency because the host galaxy contaminations make it difficult to detect broad lines of AGN origin. Almost all of the XVA objects have X-ray luminosity higher than ∼ 10 43 erg s −1 cm −2 , below which optical type-2 fraction of X-ray sources increases up to 0.4 − 1.0 (Ueda et al. 2003) . The non-detections of optical variability for low-z bright XA objects can be understood if they are obscured and low-luminosity populations.
Although spectroscopic redshifts are available for only part of our AGN sample, as described in §2.3, the redshift distribution of XVA objects is biased towards slightly higher values than that of the XA objects, as is shown Figure 7 . The median redshifts are < z XA >= 1.18, < z XVA >= 1.48, < z VA >= 1.40, respectively. There are not many low-z (z < 1) XVA objects while there are many XA objects at such redshifts. The non-detections of optical variability from such bright XA objects can be explained if many of them are type-2 AGN with lower X-ray luminosities, less than ∼ 10 43 erg s −1 cm −2 . The optical and X-ray properties of AGN can be sum- marized as follows. Compared with the XA objects, the XVA objects have lower HR2 values, smaller Xray-to-optical flux ratios, higher X-ray flux, and appear at higher redshifts. These differences can be explained within the unified scheme of AGN considering the anticorrelation between luminosity and obscured fractions. We conclude that most of the optical-variability-selected AGN are type-1.
SUMMARY
We investigated the X-ray, optical, and optical variability properties of X-ray-selected and optical-variabilityseleted AGN samples in the SXDF. Amongst the VA objects, we found a class of AGN (LE-VA) with a faint variable component i ′ vari ∼ 25 mag in bright host galaxies i ′ ∼ 21 mag. In our definition the variability flux of these AGN are less than 0.05 of their total flux, including host galaxy components. Our limited time sampling prevented us from determining the typical time scale of variability, but some of them show plausible flare-ups. They are similar to the low-luminosity AGN which Totani et al. (2005) found. Therefore, we infer that they are low-luminosity AGN with RIAF at low redshift. The photometric redshifts, z photo ∼ 0.5, and extended morphologies of the LE-VA objects supports the idea that these AGN are low-luminosity objects. These low-luminosity AGN candidates may be similar to Sgr A * and some of nearby Seyfert nuclei, whose properties can be described in terms of RIAF.
The XVA objects have lower X-ray hardness ratios than the XA objects on average. For the spectroscopically identified objects, XVA objects also have higher X-ray luminosity than the XA objects. These properties are consistent with those expected from the unified scheme for AGN and dependence of obscured fraction on X-ray luminosity. The XVA and VA objects are mainly unobscured, type-1 AGN.
Although X-ray observations can effectively trace even obscured populations of AGN, optical variability selection for AGN is a useful method which is independent of X-ray selection and could provide a new AGN sample which even deep X-ray surveys have not found.
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